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INTRODUCTION
It has well been established that sympathetic postganglionic efferent terminals play a role in the modulation of the peripheral nociceptive responses from damaged or inflamed tissue (Jänig et al. 1996; Michaelis 2000; Schwartzman and Mclellan 1987; Torebjörk et al. 1995) .
Sympathectomy or sympathetic nerve block has been shown to reduce pain effectively in rats with spinal nerve injury (Kim and Chung 1991; Kinnmann and Levine 1995) . However, body temperature was monitored by a rectal probe and maintained near 37°C by a servocontrolled heating blanket.
Single fiber recordings
The procedure of single fiber recordings has been described in detail in our previous study (see Ren et al. 2005a) . Briefly, the tibial nerve was exposed in one hindpaw and then the incised skin was retracted and bound around a frame to form a pool filled with warm mineral oil over the exposed tissue. The tibial nerve was carefully dissected from surrounding tissues and part of the nerve (one fourth to one third) was removed after a longitudinal cut. The distal cut end of the tibial nerve was then teased into small filaments with fine-tipped forceps on a small mirror-based platform under an operating microscope until single-fiber activity of afferents from a fine nerve filament could be isolated on the basis of spike amplitude and waveform. In order to locate the receptive field of the afferent fibers, mechanical stimulation by using a von Frey filament with a bending force of 7 to 36 mN was applied to and moved over the surface of the skin innervated by the nerve under study. Action potentials were recorded and then converted into analog signals or histograms that were available to be quantified by Spike-2 software. The fiber types of single units were classified by conduction velocity (Aδ, (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) .9 m/s; C, <2 m/s) (Handwerker et al. 1991; Leem et al. 1993; Ren et al. 2005a) . The faster conducting Aβ-fibers were not examined in the present study. Recorded action potentials and their responses to peripheral mechanical stimuli were amplified and displayed on a digital oscilloscope (TDS-3012B). This allowed us to ensure that the same unit was being recorded throughout the experiment. The original signals recorded were also led to a data collection system (CED 1401+) and a computer for data compilation as wavemark files or rate histogram files (see detailed procedure in Ren et al. 2005a and Fig. 1 ) using Spike-2 software (Cambridge Electronic Design).
Lumbar sympathectomy
Surgical sympathectomy was performed as described in our previous studies (Lin et al. 2003; Ren et al. 2005a) . Briefly, sympathetic ganglia and chains were removed bilaterally at the L 2-6 levels through a laparotomy. Animals were given postoperative care to allow for recovery from the surgery for at least 1 wk before experiments were performed. A morphological study reported by our and other groups using the same model shows that a successful sympathetic denervation of femoral arteries could be confirmed 7-10 days after the surgical sympathectomy was performed (Kim and Chung 1991; Zou et al. 2002) .
Peripheral administration P2X or P2Y receptor agonist or antagonist
Close-by intra-arterial injection was used to administer a P2X or P2Y receptor agonist or antagonist locally. To do this, a fine branch of the femoral artery was cannulated by polyethylene-10 tubing connected with a U-100 insulin syringe for drug delivery to the hindpaw (Ren et al. 2005a ). An agonist of P2X receptors, α-β-methylene adenosine 5'-triphosphate (α,β-meATP; 1 µg, 5 µg, or 25 µg, RBI/Sigma), or P2Y receptors, uridine 5'-triphosphate (UTP; 2 µg, 10 µg, or 50 µg, RBI/Sigma), was administered intra-arterially in a volume of 50 µl 5 min prior to CAP injection in sympathetically intact or sympathectomized rats. An antagonist of P2 receptors, PPADS (25 µg, Tocris), was applied in the same way in sympathetically intact rats. All drugs were freshly prepared on the day when the experiment was performed. For control purposes, saline (50 µl) was given using the same procedure.
Experimental protocol
Responses of a single Aδ-or C-afferent fiber were evoked mechanically by applying a set of calibrated von Frey filaments (Stoelting Co., Wood Dale, IL, USA) to the spot that was most mechanically sensitive (usually at the center of the receptive field of the fiber) on the plantar surface of the hind paw (Kocher et al. 1987; Ren et al. 2005a; Shim et al. 2005) . The most sensitive spot for each fiber recorded was later labeled with a marked pen to assure that mechanical stimuli were always evoked from the same spot before and after Page 6 of 35 treatments. The appropriate set of von Frey filaments (3 filaments with graded bending forces) was chosen in each experiment according to different activation thresholds. The range of bending forces was between 7 and 284 mN (see Ren et al. 2005a ). The filaments produced stimuli ranging from innocuous to noxious (Leem et al. 1993) . The first filament of the set had the weakest bending force sufficient to evoke action potentials and 2 additional filaments had progressively stronger bending forces. Each filament was applied repetitively for 10 s with enough force to cause slight bending and this force was held for approximately 0.5 s followed by a 10 s pause before the next filament was used. To decrease a minimum possible "human factor" bias, mechanical stimuli were applied without observation of the oscilloscope or computerized record so the experimenter was unaware of the response frequencies. Our previous study has shown in the same model that spontaneous activity was only seen in a very small number of fibers, and there was no significant increase in spontaneous activity following CAP injection (Ren et al. 2005a) . Therefore, only the evoked afferent activity was analyzed in the present study.
Aδ-and C-, not Aβ-, afferent fibers with mechanical thresholds of 20-147 mN have been reported to be nociceptors (Leem et al. 1993) , because these fibers are CAP-sensitive with high expression of the nociceptive molecules, TRPV 1 receptors (Caterina et al. 1997; Ma 2001; Tohda et al. 2001; Tominaga et al. 1998 ). This has been confirmed by our previous study (Ren et al. 2005a ) that CAP injection produced sensitization of most Aδ-and Cpriamry afferent nociceptors to mechanical stimuli. Therefore, these criteria were continuously used for searching for Aδ-and C-priamry afferent nociceptors in this study. 
Statistical analysis
Recorded fiber activity was analyzed on-or off-line from peristimulus time histograms to obtain the average rate of evoked discharges. All responses evoked by stimulation using 3 calibrated von Frey filaments with graded bending forces were calculated by subtracting the background discharges during a given period of time from the total number of action potentials that occurred during each stimulus to produce a net increase in discharge rate. In each group, discharge frequencies were converted into percentage data by setting the responses to mechanical stimuli before CAP injection (pre-CAP, baseline) as 100% and the responses to mechanical stimuli after CAP injection as percent changes of the pre-CAP value. Statistical significance was tested using ANOVA with repeated measures and differences across time in the same group were assessed with Dunnett t-tests (see Lin et al. 1999 Lin et al. ,2000 Ren et al. 2005a; Sun et al. 2004; Wang et al. 2004 ). The Mann-Whitney U test was used to compare the differences in responses between groups having different treatments. Values were presented as means ± SE. P<0.05 was taken as significant.
RESULTS
A total of 82 Aδ-and 69 C-afferent fibers were recorded from the tibial nerve in 105 rats.
Only one fiber was recorded from each hindpaw. Considering possible contralateral effects due to CAP injection on one side when both hindpaws in the same rat were used, we have analyzed the data sampled from two hindpaws in the same animal (a total of 5 sympathetically intact rats) in which the effects of CAP injection on 2 fibers were recorded on the same animal within 3-4 hrs. A statistical analysis using a paired t test showed that there was no significant difference in the CAP-evoked responses of afferent activity between 2 fibers recorded in the same rats (data not shown). The mechanical thresholds of these fibers before CAP injection ranged from 20 to 147 mN, and so the fibers were considered to be nociceptive units (Leem et al. 1993) . Of these fibers, increased spontaneous discharges were seen in only 3 rats (2 C-fibers in sympathetically intact rats following injection of 10 or 25 µg α,β-meATP, and 1 Aδ-fiber in a sympathectomized rat following injection of 25 µg α,β-meATP) right after α,β-meATP injection with an average firing rate of 1.98 ± 0.54 Hz (lasting 60-120 s).
Effects of sympathetic denervation on the CAP-induced sensitization of Aδ-and Cprimary afferent nociceptors
The first set of experiments was performed to confirm our previous study that sympathetic denervation interferes with the sensitization of Aδ-and C-primary afferent nociceptive fibers induced by intradermal injection of CAP (Ren et al. 2005a) . Mechanical responses of afferents to CAP injection in these sympathetically intact and sympathectomized rats were tested with saline pretreatment by intra-arterial injection to serve as controls for the following drug treatment experiments. In Fig. 1 , the responses to mechanical stimuli before CAP injection served as baseline in each group (100%, pre-CAP injection). Consistent with our previous results (Ren et al. 2005a ), a significant enhancement of mechanically evoked responses of both Aδ-and C-fibers was seen after intradermal injection of CAP in sympathetically intact rats with saline pretreatment (Fig. 1A) . The enhancement of the responses reached its peak at 10-20 min after CAP injection and lasted over 30 min. In contrast, the CAP-evoked enhancement of responses of Aδ-and C-fibers to mechanical stimuli was completely eliminated after sympathetic denervation by sympathectomy (Fig.   1B) . The traces in the lower part of Fig.1A are examples of action potentials recorded from a single Aδ-fiber from the tibial nerve before and 20 min after CAP injection in a sympathetically intact rat with saline pretreatment. An increased firing of the recorded fiber to mechanical stimuli was seen after CAP injection. The traces in Fig.1B are action potentials recorded from a single C-fiber from the tibial nerve in a sympathectomized rat with saline pretreatment. There was no obvious increase in responses to mechanical stimuli Grouped data show that the peak increases in responses to mechanical stimuli after CAP injection in sympathetically intact rats with saline pretreatment were to 129.7±2.5% (P<0.01, compared with baseline) in Aδ-fibers and to 144.6±2.2% (P<0.01) in C-fibers (Fig. 1A) .
Responses were not increased following CAP injection in Aδ-fibers (peak increase to 100.3±2.5%, P=0.791, compared with baseline) or C-fibers (peak increase to 98.5±2.6%, Fig. 1B ) of sympathectomized rats with saline pretreatment.
P=0.464,

Effects of activation of peripheral P2X or P2Y receptors on mechanically evoked activity under sympathetically intact conditions
In sympathetically intact rats, peripheral P2X or P2Y receptors were activated by intraarterial injection of different doses of α,β-meATP or UTP 5 min prior to intradermal injection of CAP to see if sensitization of primary afferent nociceptors after CAP injection is modulated by the activation of P2X or P2Y receptors. Fig. 2 shows that local injection of either 1 µg or 5 µg of α,β-meATP produced no significant effect on mechanical responses of Aδ-and C-fibers. When the concentration of α,β-meATP was increased to 25 µg, a slight but significant increase in responses to mechanical stimuli was seen both in Aδ-(to 107.9±2.5%, 5 min after injection) and C-(to 112.5±4.7%, 5 min after injection) fibers (P<0.05, indicated by asterisks at time 0 min right before CAP injection). Importantly, pretreatment with 25 µg α,β-meATP enhanced significantly the CAP-evoked responses compared to the responses when the paw was pretreated with saline (indicated by asterisks at times 10-30 min in Fig. 2A,B) . The peak increases of mechanically evoked activity after CAP injection were to 155.9±4.6% in Aδ-fibers and to 165.6±5.0% in C-fibers, respectively. Traces in the lower portion of Fig. 2 are examples showing the effect of α,β-meATP alone (2 nd rows) on afferent responses to mechanical stimuli and α,β-meATP pretreatment on the CAP-evoked sensitization of mechanical responses in one Aδ-fiber (3 rd row in Fig. 2A ) and one C-fiber (3 rd row in Fig.   2B ).
Local application of UTP (2, 10, and 50 µg) produced no significant enhancement of mechanically-evoked afferent responses (see time 0 min right before CAP injection in the upper panels of Fig 3) . Also, in contrast to α,β-meATP, the presence of UTP did not significantly affect the enhanced responses of either Aδ-or C-fibers to mechanical stimuli induced by CAP injection compared to the saline pretreated group (Fig. 3A,B vs Fig. 1A) .
The peak increases of evoked activity after CAP injection with UTP pretreatment at three doses were to 133.5±4.1%, 133.3±2.6%, and 139.9±4.4% in Aδ-fibers, and to 143.9±3.0%, 146.6±5.2%, 148.5±4.0% in C-fibers, respectively. Traces in the lower portion of Fig. 3 are examples of the effect of pretreatment with UTP on the CAP-evoked mechanical responses in one Aδ-fiber (Fig. 3A) and one C-fiber (Fig. 3B) .
Effects of activation of peripheral P2X or P2Y receptors on mechanically evoked activity under sympathectomized conditions
Since sympathetic denervation almost completely inhibits the sensitization of afferent nociceptors induced by CAP injection (as is shown clearly in Fig. 1 ), we examined further if peripheral pretreatment with P2X or P2Y receptor agonists to activate P2X or P2Y receptors could restore the sensitization under sympathectomized conditions, mimicking the conditions when the sympathetic efferents were present. Grouped data show that local injection of α,β-meATP in a dose of 25 µg produced a slight increase in responses to mechanical stimuli both in Aδ-(to 103.7±2.1%, 5 min after injection) and C-(to 103.0±2.1%, 5 min after injection) fibers, but this increase did not reach a statistical significance.
However, The presence of α,β-meATP (25 µg) could restore the CAP-induced enhancement of responses in both Aδ-and C-fibers under sympathectomized conditions.
The peak increases were to 158.3±11.2% in Aδ-fibers and to 188.7±13.4% in C-fibers (Fig.   4A ). These changes were significantly higher than those in the saline pretreated group under sympathectomized conditions (P<0.01 for Aδ-fibers, P<0.01 for C-fibers). Also, the increase in mechanical response was comparable to that found under sympathetically intact conditions with saline pretreatment (See Fig. 1A) . In contrast, pretreatment with UTP (50 µg) did not affect significantly the mechanically evoked activity produced by CAP injection either in Aδ-fibers or C-fibers under sympathectomized conditions (Fig. 4B) . The peak increases with UTP pretreatment were to 105.9±5.3% (P=0.721, compared with salinetreated group) in Aδ-fibers and to 99.5±1.5% (P=1.000) in C-fibers.
Effects of blockade of peripheral P2 receptors on the sensitization of Aδ-and Cfibers following CAP injection under sympathetically intact conditions
The above data have shown that activation of P2X, but not P2Y, receptors could either significantly enhance the CAP-evoked sensitization of nociceptors or restore the CAPinduced sensitization that was reduced due to sympathetic denervation. Therefore, we further examined whether blockade of P2X receptors in the periphery by intra-arterial injection of PPADS (25 µg) would affect the sensitization of Aδ-and C-fibers induced by CAP injection in sympathetically intact rats. As shown in Fig. 5 , pretreatment with PPADS reduced significantly the CAP-induced enhancement of responses in Aδ-and C-primary afferent fibers in sympathetically intact rats (Fig. 5A,B) . The peak increases were to 113.6±3.2% in Aδ-fibers (P=0.003, compared with saline-treated group) and to 119.4±3.8%
in C-fibers (P=0.004).
DISCUSSION
We have demonstrated in recent in vivo electrophysiological studies that Aδ-and C-, but A major finding in the present study is that using a sympathetic denervation model combined with pharmacological manipulations we demonstrated that ATP, acting as a nonadrenergic substance, is apparently released from sympathetic nerve terminals, and participates in the sympathetic modulation of the neurogenic inflammation-induced pain that is produced by intradermal CAP injection. This sympathetic modulation has been demonstrated to be independent of pre-ganglionic sympathetic neurons (Kinnman and Levine 1995 , Lin et al. 2003 . Clinical and experimental studies have revealed that sympathetic modulation plays a critical role under conditions of neuropathy or neurogenic inflammation in peripheral nerves or tissues (Green et al. 1993; Kim and Chung 1991; Lin et al. 2003 Lin et al. ,2004 Moon et al. 1999; Ren et al. 2005a; Xie et al. 1995) by a mechanism of sympathetic-sensory interactions in DRG neurons (Chung et al. 1996; Devor et al. 1994) , the site of nerve injury (Devor and Seltzer 1999) and the skin (Sato and Perl 1991). The release of adrenergic and/or non-adrenergic transmitters is suggested to be the mechanism underlying the interactions because these substances have been well documented to play roles in nociception (Dowd et al. 1998; Drummond 1995 Drummond ,1998 Lee et al. 1999; Tracey et al 1995) . Critically, these substances have been shown to be co-localized in the synaptic vesicles of the postganglionic sympathetic nerve terminals and co-released into the extracellular space to participate in several pathophysiological processes, including pathological pain signaling (Abbracchio and Burnstock 1998; Burnstock 1990 Burnstock ,1996 Park et al. 2000; Sneddon et al. 1996) . This has been confirmed in the neurogenic inflammation model induced by CAP injection in our previous and current observations (Lin et al. 2003; Ren et al. 2005a) .
ATP is reported to be released due to inflammation from many sources, such as the damaged cells, platelets, some inflammatory cells, sympathetic efferent terminals and perhaps the sensory nerve terminal itself (Born and Kratzer 1984; Ferrari et al. 1997; Gordon 1986; Holton 1959; Nakamura and Strittmatter 1996; Sneddon et al. 1996) . (2004) is that during tissue inflammation or injury α-adrenoceptors located on sympathetic efferents are activated by the NE released from sympathetic terminals, which in turn interacts with primary afferent C-fibers by activating the protein kinase A cascade, leading to up-regulation of P2X receptors on C-fibers. This seems to be consistent with our previous (Ren et al. 2005a ) and present data that there is a reduced sensitivity of α-adrenergic and/or purinergic receptors after sympathetic denervation but that the modulatory role of these receptors in nociceptive signaling could be restored by giving exogenous NE or ATP. Although the mechanisms of the synergistic effects are still obscure, it is strongly suggested that there is an interaction between ATP and NE at sympathoeffector junctions following nerve injury or tissue inflammation that contributes to pain signaling under these pathophysiological situations.
TRPV 1 is well established as a major marker of nociceptors. Purinergic receptors, including P2X and P2Y, are highly co-localized with TRPV 1 in small-sized DRG neurons and these neurons and their axons are mostly CAP sensitive (Bland-Ward and Humphrey 1997; Guo et al. 1999; Moriyama et al. 2003; Stucky et al. 2004; Tsuda et al. 1999; Ueno et al. 1999 ). There have been several reports that ATP can potentiate CAP-evoked TRPV 1 currents (Moriyama et al. 2003; Tominaga et al. 2001) , directly phosphorylate TRPV 1 receptors (Numazaki et al. 2002) , and augment the CAP-evoked release of substance P and CGRP from sensory neurons by a protein kinase C-dependent pathway (Huang et al. 2003) . Given the fact JN-00502-2006.R1 that ATP acts as an inflammatory mediator and/or a key nociceptive signaling molecule in modulating the function of TRPV 1 receptors (Huang et al. 2003; Moriyama et al. 2003; Numazaki et al. 2002; Tominaga et al. 2001) 
